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A versatile and highly eﬃcient post-functionalization
method for grafting organic molecules onto
Anderson-type polyoxometalates†
Stef Vanhaecht, Jeroen Jacobs, Luc Van Meervelt and Tatjana N. Parac-Vogt*
A new azide functionalized Anderson polyoxometalate was syn-
thesized, fully characterized and subsequently used as a building
block for further POM post-functionalization with organic com-
pounds through a copper catalyzed azide–alkyne cycloaddition
(CuAAC) reaction. Optimization of the reaction conditions led to
an eﬃcient, fast, convenient and versatile POM coupling method.
Polyoxometalates (POMs) form a diverse class of metal–oxygen
clusters characterized by versatile physical and chemical pro-
perties. Their diversity in terms of structure, polarity, charge
density and redox-behavior make them attractive compounds
in numerous applications, including the development of new
materials,1 catalysis2 and the use for medicinal purposes.3 The
functionalization of POMs with organic groups to create an
organic–inorganic hybrid POM has received much attention
over the last few decades as it opens the door to the incorpo-
ration of POMs in larger chemical structures with distinct
properties.4
An important member of the hybrid POM family is the
Mn(III) containing Anderson-type hybrid POM which was first
reported in 2002.5 Since its first publication, this type of POM
has been widely used as a building block for further
functionalization with organic groups, giving rise to hybrid
POMs with ever growing complexity. The first synthetic
approach for the formation of Anderson based hybrids is
based on direct functionalization, where a trisalkoxo functiona-
lized ligand is reacted with the tetrabutylammonium salt of
[Mo8O26]
4− as a precursor.6 A second approach relies on post-
functionalization, where a preformed hybrid POM containing
a specific reactive group in its organic part reacts with the
ligand of interest.7 However, the development of methods for
this post-functionalization approach is a challenging task as
suitable reaction conditions need to be found that take into
account the delicate nature of the hybrid POM.4c In the litera-
ture several examples can be found on the post-functionali-
zation of the Anderson hybrid POM based on amidation,7c–f,h,i
imine formation7a,b or a Diels–Alder reaction.7g While these
methods have proven their eﬃciency, these post-functionali-
zation approaches often require long reaction times and need
elevated temperatures to be eﬃcient.
In this paper we investigate the use of copper(I)-catalyzed
azide–alkyne cycloaddition (CuAAC) chemistry as a post-
functionalization method for the Anderson hybrid POM. The
huge success of this reaction in organic chemistry relies on its
selective nature, fast reaction kinetics and high yields, the
absence of side-reactions, widely applicable substrates and
reaction conditions and the formation of a stable 1,2,3-triazole
bond which is insensitive towards hydrolysis or redox
reactions.8 Moreover, as the reaction is unaﬀected by any other
functional groups present in the substrate, potentially harmful
protection/deprotection reactions can be avoided in the pres-
ence of the hybrid POM. Very recently, Cronin et al. have
demonstrated a fascinating control over the formation of nano-
sized metal oxide oligomers of hybrid polyoxometalates with
the help of a click reaction.9 In that approach CuI was used as
a catalyst as the classic Cu(II)SO4/sodium ascorbate system
seemed inapplicable due to the formation of reduced POM-
clusters.
Here we describe the development of robust CuAAC
methods to covalently graft a range of organic molecules onto
a novel azide-functionalized Anderson POM, under very mild
reaction conditions. We developed a new approach in which
both Cu(I) and Cu(II) can be used as catalysts giving high yields
in very short reaction times, making this CuAAC-based
coupling system a very attractive method in the development
of more complex hybrid POM structures.
The synthesis of the double azide-functionalized Anderson
hybrid POM (compound 3) is straightforward, starting from
cheap and easily obtained starting materials, and could easily
be scaled up without any loss of yield or purity (synthetic
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procedures and characterization in the ESI†). Its single crystal
X-ray structure shows 4 equivalents of hybrid POM structures
in the asymmetric unit, together with 12 tetrabutylammonium
(TBA) counterions, ten acetonitriles and a half ethanol mole-
cule.‡ The molecular structure of one POM entity is shown in
Fig. 1.
In order to investigate the ability of compound 3 to be used
for azide–alkyne cycloadditions, diﬀerent reaction conditions
were examined, keeping in mind the various limitations
imposed by the fragility of the POM framework. Ion pairing
between negatively charged Keggin and Wells–Dawson POMs
and copper ions in solution has already shown to lower the
concentration of active catalyst in solution, hence the necessity
of using high copper concentrations when applying these
catalytic systems.10 Two types of Cu(I) catalytic systems were
explored, a preformed air-stable Cu(I) catalyst, namely
Cu(I)(CH3CN)4PF6, and the classic CuSO4/sodium ascorbate
approach, where the active Cu(I) species are formed in situ by
reduction of Cu(II) to Cu(I) by sodium ascorbate. In the case of
the Cu(I)(CH3CN)4PF6 system (method A) reactions were per-
formed in acetonitrile, which is known to protect the Cu(I) ion
against oxidation by any residual oxygen in the reaction
mixture. The initial reactions were performed using phenyl-
acetylene as an alkyne-substrate, 1 equivalent of N,N-di-
isopropylethylamine (DIPEA) as an organic base and 1 equivalent
of Cu(I)(CH3CN)4PF6 to counter the loss of Cu(I) catalyst
through ion pairing to the negatively charged POM. The
addition of DIPEA to the reaction mixture resulted in the
immediate formation of a yellow precipitate. The precipitation
was presumably attributed to the formation of an insoluble
Cu(I)–acetylide complex, which was also formed in the absence
of the POM.8 The reaction was followed by FTIR spectroscopy,
where the disappearance of the azide peak at 2105 cm−1 was a
clear indication of the course of the reaction. Despite the
heterogeneous nature of the reaction mixture, the reaction
reached completion after 75 minutes at 70 °C. In addition to
the Cu(I)–acetylide complex, a diﬀerent precipitate formed,
which was attributed to the ion-pairing of the POM with the
copper ions in solutions. Both precipitates redissolved after
treatment with a TBA+-loaded resin. The compound was
isolated in high yield and characterized by FTIR, 1H and
13C NMR spectroscopy. The existence of the formed triazole
ring was proven by the typical 1H signal at 8.54 ppm and two
13C signals at 123 and 146 ppm. Performing the reaction at
room temperature led to prolonged reaction times (48–72 h),
pointing towards the need for elevated temperatures, presum-
ably to overcome the heterogeneous nature of the reaction
conditions. Decreasing the copper content to 0.5 equivalent
led to slightly slower reactions (3 h), but the reaction benefits
from the lower amount of precipitation, clearly speeding up
the ion-exchange step. The crucial role of the base was demon-
strated as in its absence no reaction occurred, even after 2 days
of reaction.
The second copper source which was examined in this
study was the CuSO4/sodium ascorbate approach (method B)
in combination with DMF as a solvent. Using phenylacetylene,
1 equivalent of CuSO4·5H2O and 2 equivalents of sodium
ascorbate, the coupling reaction reached completion after only
10 minutes at room temperature, after which a consecutive
work-up similar to that of method A could be performed. In
contrast to previous reports in the literature, no sign of any
reduced Mo–POM species, characterized by a typical blue
color, was observed.9 Presumably the order of addition and the
initial low solubility of sodium ascorbate in the reaction
mixture prevent POM reduction, rendering this method appli-
cable for molybdenum containing POM systems. In order to
optimize the reaction conditions of the CuAAC reaction, experi-
ments were performed by using lower copper contents. Using
0.1 eq. of the copper source, the reaction proceeded for ca. one
hour, after which progress stopped. This was accompanied by
the formation of a small amount of precipitate, which most
likely resulted in the decrease of Cu(I) concentration, which is
an active catalyst for the reaction. Increasing the catalyst
concentration to 0.5 equivalent proved beneficial, as the
reaction was homogeneous and nearly completed in only
15 minutes. The results of the diﬀerent reactions are summar-
ized in Table 1.
After having established eﬃcient reaction conditions for
the grafting of phenylacetylene onto compound 3, several
other substrates were used to demonstrate the wide applica-
bility of the CuAAC reaction on this POM. Method B was
chosen, as it had already proved to be very fast, requiring a
Fig. 1 Molecular structure of compound 3. Only one of the four equi-
valent POMs is shown. Tetrabutylammonium counterions were omitted
for clarity (blue octahedra: Mo, pink octahedron: Mn, grey: C, red: O,
blue: N, white: H).
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minimal work-up and giving desired products in high yields.
Next to the aromatic alkyne phenylacetylene, an α-carbonyl
alkyne (ethyl propiolate) and three alkyl alkynes (4-bromo-1-
butyne, 1-hexyne and 3-butyn-1-ol) were used as a substrate in
the coupling reaction (see Chart 1). After 1 hour of reaction,
the FTIR spectrum showed that all substrates were eﬃciently
coupled to compound 3 in high yields. After the work-up all
grafted POMs were characterized by FTIR, 1H and 13C NMR
spectroscopy. The results of these coupling reactions are sum-
marized in Table 2.
In conclusion, we have demonstrated the preparation of a
novel azide-functionalized Anderson polyoxometalate and its
potential as a platform for grafting organic molecules onto the
POM surface via the CuAAC reaction. A reliable and eﬃcient
coupling method was established, characterized by very short
reaction times, mild conditions and ease of work-up, aﬀording
the desired functionalized polyoxometalates in high yields and
purities. The method also does not cause reduction of POM
species, rendering it applicable for other molybdenum con-
taining POM systems. Due to all these advantages, the method
presented in this paper has potential to become the post-
functionalization reaction of choice for the formation of
organic/inorganic hybrids involving Anderson POM, leading to
a large range of novel functionalized POMs for various
applications.
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Notes and references
‡C259.62H531.23Mn4Mo24N54O104.50, M = 8604.29 g mol
−1, triclinic, P1ˉ (no. 2), a =
22.0899(3) Å, b = 29.6893(4) Å, c = 31.1610(5) Å, α = 112.9562(15)°, β = 91.6469
(13)°, γ = 102.4493(12)°, V = 18 230.3(5) Å3, T = 100.01(10) K, Z = 2, ρcalcd = 1.567 g
cm−3, μ(Mo Kα) = 1.008 mm−1, F(000) = 8822, crystal size 0.4 × 0.2 × 0.2 mm3,
133 565 reflections measured, 66 545 unique (Rint = 0.0401) which were used in
all calculations, 4208 parameters, 4105 restraints. The final wR2 was 0.1918 (all
data) and R1 was 0.0895 (I ≥ 2sigma(I)).
Table 1 Coupling of phenylacetylene to compound 3 using diﬀerent reaction conditions in a CuAAC coupling reaction
Method Cu source Cu eq. NaAsc eq. DIPEA eq. T t Yield (%)
A [Cu(CH3CN)4]PF6 1 — 1 r.t. 72 h 93
A [Cu(CH3CN)4]PF6 1 — 1 50 °C 4.5 h 87
A [Cu(CH3CN)4]PF6 1 — 1 70 °C 75 min 89
A [Cu(CH3CN)4]PF6 0.5 — 0.5 70 °C 3 h 91
A [Cu(CH3CN)4]PF6 1 — — 70 °C — —
a
B CuSO4 1 2 — r.t. 5–10 min 86
B CuSO4 0.5 2 — r.t. 15 min 92
B CuSO4 0.1 2 — r.t. — —
b
aNo reaction occurred after 48 h, and DIPEA needed to initialize the reaction. b Reaction proceeded for about 1 hour, after which progress
stalled.
Chart 1 Alkyne-substrates used for grafting onto compound 3.
Table 2 Coupling of diﬀerent alkyne-substrates to compound 3
Product t Yield (%)
4a Phenylacetylene 15 min 92
4b Ethyl propiolate 60 mina 91
4c 4-Bromo-1-butyne 60 mina 87
4d 1-Hexyne 60 mina 81
4e 3-Butyn-1-ol 60 mina 91
a FTIR spectra were taken after 60 min of reaction.
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